Summary: Myeloperoxidase (MPO) is released from activated neutrophils. The inflammation in preeclampsia was found to be associated with endothelial dysfunction. We hypothesized that cardiac and circulating MPO levels are elevated in hypertensive pregnancy. Systolic and diastolic blood pressure and heart rate were measured on pregnancy days 14, 16, 18 and 20 in normal pregnant and hypertensive pregnant rats. Left and right ventricle weights, the number of viable fetuses, litter size, fetal and placenta weights were recorded on gestational day 21. Circulating and cardiac MPO activities, soluble fms-like tyrosine kinase-1 (sFlt-1) and vascular endothelial growth factor (VEGF) and nitric oxide (NO) were detected. The results showed increases in cardiac (left, but not right ventricle) and circulating MPO activities, and concomitantly lower number of viable fetuses, litter size, and fetal and placenta weights, and decreases in NO in hypertensive pregnant rats. Also, the increases in circulating sFlt-1 and VEGF were found in hypertensive pregnant group. In conclusion, maternal and fetal detrimental changes along with increases in circulating sFlt-1 and VEGF in hypertensive pregnancy may be associated with increases in cardiac and circulating MPO activities, confirming the causative role of inflammatory response in preeclampsia. Key words: hypertensive pregnancy; preeclampsia; rats; myeloperoxidase Healthy pregnancy has been associated with systemic inflammation, which may be exacerbated in preeclampsia, an important pregnancy disorder characterized by hypertension and associated with elevated levels of soluble fms-like tyrosine kinase-1 (sFlt-1) after the 20th week of gestation [1] . A greater number of neutrophils in the vasculature were found in preeclamptic women than in those with normal pregnancies [2, 3] . Also, the increase in the number of leukocytes during preeclampsia is markedly accompanied with the increases in the markers of leukocytes activation [3, 4] . Increased neutrophil activation has been shown in hypertension in pregnancy [5] and neutrophil depletion attenuates the placental ischemiainduced hypertension in pregnant rats [6] . Neutrophils and monocytes normally produce and release myeloperoxidase (MPO). MPO reflects the degree of neutrophil activation and it has been associated with vascular dysfunction and pathophysiology of vascular inflammatory diseases, including coronary artery disease [7, 8] . Indeed, patients with coronary artery disease have presented elevated circulating levels of MPO, which is now considered as a new biomarker of inflam- mation in ischemic heart disease and acute coronary syndromes [9, 10] . Also, elevated levels of MPO have been observed in the placenta and circulation of women with preeclampsia [11] , suggesting that increased levels of MPO may be related to endothelial dysfunction in hypertensive pregnancy [11, 12] . Once in the systemic circulation, MPO may remain sequestered in the subendothelial space, accumulating in the endothelial cell matrix [13] , and MPO catalytically consumes nitric oxide (NO) as a substrate, limiting its bioavailability and function [14] . In agreement, in vitro and animal studies have demonstrated that after leukocyte degranulation, MPO localized in and around vascular endothelial cells impaires endothelium-dependent relaxant responses of NO [14, 15] . Taken together, the above findings suggest that over-activity of MPO in the circulation of women with preeclampsia may increase the risk for cardiovascular disease after delivery, and it is related to many metabolic disturbances, including an enhanced systemic inflammatory response and endothelial dysfunction [16] . However, the specific role of MPO during preeclampsia remains unclear, and surprisingly no previous study had examined the cardiac MPO activity in hypertension in pregnancy. Therefore, we hypothesized that the deleterious (maternal and fetal) changes of hypertension in pregnancy would be associated with high levels of MPO in the heart and in the circulation. 37(6):904-909,2017 J Huazhong Univ Sci Technol［Med Sci］ 
Healthy pregnancy has been associated with systemic inflammation, which may be exacerbated in preeclampsia, an important pregnancy disorder characterized by hypertension and associated with elevated levels of soluble fms-like tyrosine kinase-1 (sFlt-1) after the 20th week of gestation [1] . A greater number of neutrophils in the vasculature were found in preeclamptic women than in those with normal pregnancies [2, 3] . Also, the increase in the number of leukocytes during preeclampsia is markedly accompanied with the increases in the markers of leukocytes activation [3, 4] . Increased neutrophil activation has been shown in hypertension in pregnancy [5] and neutrophil depletion attenuates the placental ischemiainduced hypertension in pregnant rats [6] . Neutrophils and monocytes normally produce and release myeloperoxidase (MPO). MPO reflects the degree of neutrophil activation and it has been associated with vascular dysfunction and pathophysiology of vascular inflammatory diseases, including coronary artery disease [7, 8] . Indeed, patients with coronary artery disease have presented elevated circulating levels of MPO, which is now considered as a new biomarker of inflamMing-lin ZHU, E-mail: zhuminglin@whu.edu.cn # Corresponding authors, Jin-ping ZHAO, E-mail: jpzhao@ tjh.tjmu.edu.cn, Carlos A. Dias-Junior, E-mail: carlosjunior@ ibb.unesp.br * This study was supported by the Fundacao de Am-paro a Pesquisa do Estado de Sao Paulo (FAPESP, Brazil). mation in ischemic heart disease and acute coronary syndromes [9, 10] . Also, elevated levels of MPO have been observed in the placenta and circulation of women with preeclampsia [11] , suggesting that increased levels of MPO may be related to endothelial dysfunction in hypertensive pregnancy [11, 12] . Once in the systemic circulation, MPO may remain sequestered in the subendothelial space, accumulating in the endothelial cell matrix [13] , and MPO catalytically consumes nitric oxide (NO) as a substrate, limiting its bioavailability and function [14] . In agreement, in vitro and animal studies have demonstrated that after leukocyte degranulation, MPO localized in and around vascular endothelial cells impaires endothelium-dependent relaxant responses of NO [14, 15] . Taken together, the above findings suggest that over-activity of MPO in the circulation of women with preeclampsia may increase the risk for cardiovascular disease after delivery, and it is related to many metabolic disturbances, including an enhanced systemic inflammatory response and endothelial dysfunction [16] . However, the specific role of MPO during preeclampsia remains unclear, and surprisingly no previous study had examined the cardiac MPO activity in hypertension in pregnancy. Therefore, we hypothesized that the deleterious (maternal and fetal) changes of hypertension in pregnancy would be associated with high levels of MPO in the heart and in the circulation.
MATERIALS AND METHODS

Experimental Design
Wistar rats (210-260 g) were housed in cages at 22±2°C on a 12-h light/dark cycle and given free access to water and rat chow. Each pregnant rat was separately housed overnight. Day 0 of pregnancy was defined as the day when spermatozoa were found in a vaginal smear.
On pregnancy day 14, rats were randomly separated into two groups (n=12 per group, total of 24 rats): normal pregnant group, in which the pregnant rats received daily intraperitoneal (i.p.) injections of 0.9% saline solution; hypertensive pregnant group, in which the rats received i.p. injections of N(omega)-nitro-Larginine methyl ester (L-NAME; Sigma, USA, catalogue# 5751) 60 mg/kg/daily [17] [18] [19] . The rat model of hypertension in pregnancy adopted here has been widely used to examine the maternal and fetal manifestations of preeclampsia. Rats were euthanized on gestational day 21 under overdose of isoflurane followed by exsanguination. Blood samples were collected in an EDTAcoated tube (EDTA, Vacuntainer Becton-Dickinson, UK) for plasma separation. Plasma was stored at −80°C until use for biochemical analysis. Heart was removed for the weight measurements and assessment of cardiac MPO activity.
All procedures for animal experimentation were approved by the Ethics Committee, Biosciences Institute of Botucatu, State University of Sao Paulo (Protocol #619/2014), which complied with international guidelines of the European Community for the use of experimental animals.
Blood Pressure and Heart Rate Measurements
Systolic and diastolic blood pressure (mmHg) and heart rate were measured on gestational days 14, 16, 18 and 20, using tail-cuff plethysmography (Insight, Ribeirao Preto, Brazil, catalogue #EFF-306), as previously described [18, 19] . Briefly, all pregnant rats were first acclimated in a quiet room, conditioned and restrained for 5-10 min in a warm box (Insight, Ribeirao Preto, Brazil, catalogue #EFF-307), measured for 3 days for their systolic blood pressure before the pregnancy day 14 (data discarded) and then the baseline systolic blood pressure was determined as the average of the cuff inflation-deflation (3 to 6) cycles by a trained operator on pregnancy day 14, and the mean of three measurements was recorded.
Effects on Placenta and Fetuses
On gestational day 21, after euthanasia, animals were placed in a supine position and cesarean section was performed. The number of viable fetuses, litter size, and fetal and placental weights were recorded. Viable fetuses were determined to be those that showed no macroscopical sign of malformation and could apparently have a normal outcome with the progression of the pregnancy, as previously reported [20] .
Determination of MPO activity
MPO is an enzyme contained in the granules of neutrophils. Circulating plasma and tissue levels of MPO reflect the degree of neutrophil activation and the inflammatory response [21, 22] . Briefly, 30 μL of centrifuged plasma samples were added with 100 μL of tetramethylbenzidine (TMB) and 0.04% H 2 O 2 . Afterwards, the microplate was incubated for 10 min at 37°C, protected from light. The reaction was stopped with 100 μL H 2 SO 4 (1 mol/L) and the absorbance (A) at 450 nm with correction to 630 nm (was read on the spectrophotometer (Synergy 4, BIOTEK, USA). The results were expressed in ΔA 630 /(min•mL). Hearts (left and right ventricle) were weighted and tissue samples suspended in 1 mL of 50 mmol/L phosphate buffer incorporating 0.5% hexadecyltrimethylammonium bromide (pH 6.0), and minced with scissors for 15 s on an ice-cold plate. The resultant suspension was diluted to a final 1:20 (w/v) ratio and homogenized for 1 min with an automatic homogenizer (Bio-Gen PRO200 Handheld homogenizer, USA), then sonicated for 10 s and subjected to three freeze-thaw cycles. The homogenates were then centrifuged at 7000×g and 4°C for 10 min, and the supernatants were assayed for MPO activity. The results were expressed in ΔA 630 /(min•mL).
Determination of sFlt-1 and VEGF
Commercial enzyme-linked immunosorbent assay (ELISA) kits for sFlt-1 (R&D Systems Inc, USA, catalogue #MVR100) and VEGF (R&D Systems Inc, USA, catalogue #RRV00) were used to determine plasma levels. Assays were performed according to manufacturer's instructions. Plasmatic levels of sFlt-1 and VEGF were expressed in pg/mL.
Measurement of Plasma Nitrite/Nitrate (NOx) Concentrations
The plasma NOx concentrations were determined in duplicate by using the Griess reaction, as previously described [23] . Briefly, 40 μL of plasma was incubated with the same volume of nitrate reductase buffer (0.1 mol/L potassium phosphate, pH 7.5, containing 1 mmol/L β-nicotinamide adenine dinucleotide phosphate and 2 U of nitrate reductase/mL) in individual wells of a 96-well plate. Samples were allowed to incubate overnight at 37°C in the dark; 8 µL of freshly prepared Griess reagent (1% sulfanilamide, 0.1% naphthylethylenediamine dihydrochloride in 5% phosphoric acid) was added to each well and the plate was incubated, for 15 additional min, at room temperature. A standard nitrate curve was obtained by incubating sodium nitrate (0.2-200 μmol/L) with the same reductase buffer. The NOx levels in plasma were expressed in μmol/L.
Statistical Analysis
With the aid of a commercially available statistical software (GraphPad Prism® 6.0 for Windows, CA), a Shapiro-Wilk test was applied to verify the normality of data distribution. Systolic blood pressure measurements were submitted to a two-way analysis of variance (ANOVA) with time and hypertension defined as main effects, followed by Tukey's test for multiple comparisons among groups, or by a Dunnett's test to compare measurements on pregnancy day 16, 18 and 20. Paired t tests were used to compare fetal and placental changes or MPO, sFlt-1, VEGF and NOx levels. Statistical significance was considered at P<0.05. All values are expressed as ±s .
RESULTS
MPO Activity
The levels of MPO in both plasma and left ventricle were significantly higher in hypertensive [ fig. 1D, 1E and 1F) . 
Blood Pressure and Heart Rate
There were no significant differences in the systolic blood pressure values (116 and 121±3 mmHg) between the two groups on day 14 (P>0.05, fig. 2A ). Systolic blood pressure values were elevated in the hypertensive pregnant group on days 16, 18 and 20 (154±9, 148±4 and 139±2 mmHg, respectively, P<0.05, fig. 2A ) as compared with normal pregnant group, which presented no significant changes on day 16 (116±1 mmHg), day 18 (115±5 mmHg) and day 20 (112±7 mmHg) in normal pregnant group ( fig. 2A) . Diastolic blood pressure was not significantly different between the two groups at days 14, 16, 18 and 20 ( fig.  2B ). Heart rate was decreased in hypertensive pregnant group on gestational day 16. However, no statistically significant difference was reached ( fig. 2C ). fig. 3B ). The number of viable fetuses was significantly less in hypertensive pregnant group (8.5±0.6) than in normal pregnant group (11.2±0.2, P<0.05, fig. 3C ). Also, significantly, decreased litter size was found in hypertensive pregnant group (7±0.7) as compared with normal pregnant group (10.6±0.9, P<0.05, fig. 3D ). 
sFlt-1, VEGF and NOx Levels
The free sFlt-1 and VEGF levels were significantly higher in hypertensive pregnant group than in normal pregnant group (free sFlt-1: 368±54 vs. 162±4 pg/mL; VEGF: 77±4 vs. 58±6 pg/mL, both P<0.05, fig.   4A and 4B). Also, lower NOx concentrations in plasma were found in hypertensive pregnant group (31±3 µmol/L) than in normal pregnant group (41±4 µmol/L, P<0.05, fig. 4C ). 
DISCUSSION
Our study demonstrated that hypertension in pregnancy induced higher MPO activity in left ventricle and in plasma than normal pregnancy, and these changes were accompanied with reductions in the number of pups (litter size) and viable fetuses, decreases in fetal and placenta weights and concomitant increases in circulating levels of sFlt-1 and VEGF and decreases in NO bioavailability.
Animal models of hypertension in pregnancy have been developed and adopted to examine the pathogenesis of preeclampsia [17] [18] [19] [20] 24] . The model of hypertension in pregnancy established in our study has been documented to be widely used to examine the maternal and fetal manifestations of preeclampsia in pregnant rats [17] [18] [19] [20] . The present study revealed that hypertension in pregnancy led to elevated systolic blood pressure, decreased litter size [25] and viable fetuses [26] , and reduced fetal and placental weights [27] , which are similar to the deleterious changes seen in preeclamptic women [1, 11] . The relative lag in placental weight suggests that there may be a compensatory mechanism such as enhanced placental transport capacity to meet the demands of the growing fetus and this phenomenon has been shown in other studies [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Moreover, no differences were observed in diastolic blood pressure and heart rate between the two groups. However, the heart rate tended to decrease on gestational day 16 in hypertensive pregnant group. Curiously, this trend of a lower heart rate occurred concomitantly with a significant increase in systolic blood pressure, suggesting a failed compensatory response. In accordance, previous studies reported that L-NAME induced an increase in systolic blood pressure and a diminished heart rate [29, 30] . To our knowledge, this is the first study showing that the cardiac MPO activity was increased in hypertension in pregnancy, which is in accordance with previous studies reporting elevations of circulating MPO levels in patients with preeclampsia [11, 29] , suggesting that the most probable source of MPO is activated inflammatory cells in both heart (left ventricle) and circulation. Some study also supports this suggestion. Greer et al found neutrophils activation in hypertension in pregnancy [5] , and neutrophil depletion could attenuate the placental ischemia-induced hypertension in pregnant rats [6] . In addition, it has been suggested that high levels of MPO may target mainly the endothelium of women with preeclampsia, causing endothelial dysfunction in hypertension in pregnancy [11] . Additionally, previous studies demonstrated that MPO may accumulate in the endothelial cell matrix [13, 31] , thus, causing damage to the endothelium, suggesting that the elevations in cardiac and circulating MPO levels may be associated with cardiovascular events and have predictive power in high-risk patients with preeclampsia [11] . Therefore, MPO may play a causative role in the numerous symptoms of preeclamptic women including: hypertension, systemic inflammation, and endothelial dysfunction [1] [2] [3] . Moreover, an important question is if the elevated MPO activity is associated with increases in circulating levels of sFlt-1 in rats with hypertension-in-pregnancy. The MPO is abundantly expressed in neutrophil granulocytes, which may also be sources of increases in circulating sFlt-1 [11] , releasing simultaneously proteases that along with sFlt-1 may cause vascular endothelial injury [11, 21] . Accordingly, we found the increase in circulating sFlt-1 levels in hypertensive pregnant rats as compared with normal pregnancies. So, together, our findings are in accordance with the notion that sFlt-1 along with MPO may be originated from circulating mononuclear cells [11, 21] , causing vascular endothelial injury [13] and concomitantly hypertension in pregnant rats.
Furthermore, in our study, pregnant rats with hypertension presented increases in circulating levels of VEGF. Recent evidence has suggested that the diminished bioavailability of NO caused by L-NAME may induce a consistent vasoconstricted state in hypertensive pregnant animals. Given that VEGF normally acts as a vasodilator, its increase may represent an unsuccessful vascular rescue response [18, 19, 32] . In addition, the reductions on the formation of NO in the present study are supported by previous results suggesting that NO may be inversely related to circulating levels of sFlt-1, emphasizing that endothelial dysfunction during preeclampsia may be exaggerated by reductions of NO bioavailability along with increases in levels of sFlt-1 [33] [34] [35] . Importantly, some limitations should be taken into account in this study. Firstly, since parameters of cellular function were not evaluated in this study, more investigations are needed to clarify the role of MPO in the heart [36] from preeclampsia-like syndromes. Secondly, since clinical studies in obstetric patients always involve a delicate ethical issue, animal models were used to examine the pathophysiology of preeclampsia. Conclusions derived from the animal experiments should be cautiously extrapolated to human beings. Further studies are warranted to examine the MPO activities in preeclampsia women.
In conclusion, our results showed that both maternal and fetal detrimental changes (hypertension, reductions in the number of pups and viable fetuses, and lower fetal and placental weights) along with increases in circulating sFlt-1 and VEGF and decreases in NO bioavailability found in hypertension in pregnancy may be associated with increases in cardiac and circulating levels of MPO, confirming the causative role of inflammatory response in preeclampsia.
